Introduction
============

Recent large-scale colony losses of the honey bee have led to concerns that the sustainability of agriculture and ecosystem service provided by this key pollinator may be threatened ([@bib27]). The causes of such losses have been reported as being multifactorial and interacting ([@bib53]); however, fungal ([@bib29]), viral ([@bib14]; [@bib45]; [@bib38]) and bacterial diseases have been implicated in honey bee colony demise. Despite a clear and immediate threat from pathogens, the epidemiological processes underlying honey bee disease remain poorly understood.

European foulbrood (EFB) is a serious disease of honey bee (*Apis mellifera*) brood caused by the Gram-positive lanceolate coccus *M. plutonius,* which can lead to the loss of the host colony ([@bib55]; [@bib50]; [@bib4]; [@bib8]; [@bib23]). The bacterium is widely distributed ([@bib6]) and can also infect and kill the brood of the Eastern honey bee (*Apis cerana*) and the Himalayan honey bee (*Apis laboriosa;* [@bib5]; [@bib1]). Although early reports suggested a highly genetically homogenous population ([@bib19]), isolates of *M. plutonius* have been shown to vary in biochemical, serological and *in vitro* virulence characteristics ([@bib2]; [@bib3]; [@bib48]).

Recent decades have seen dramatic increases in the incidence of EFB in both the United Kingdom and Switzerland ([@bib56]; [@bib43]) and large disease outbreaks have been discovered in areas previously thought to be disease free, such as Norway ([@bib17]). Regional variations in disease burden have been reported ([@bib24]; [@bib12]), and although methods exist to distinguish between systematic patterns of disease and spatial randomness ([@bib11]; [@bib41]), the spatial dependence of EFB has not been formally tested. Confirmation of spatial clustering can lead to important insight into abiotic and biotic risk factors, which may contribute to disease occurrence (for example, see [@bib46]; [@bib47]). As yet, little is known about the underlying population structure of *M. plutonius* that could explain the observed spatial patterns of distribution and many aspects of disease aetiology remain enigmatic ([@bib23]).

Multi-locus sequence typing (MLST) is a robust way of distinguishing between genetic variants of a pathogen ([@bib34]), and concomitantly has been used to unravel the epidemiology of numerous disease systems (for example, [@bib18]; [@bib44]; [@bib26]; [@bib37]). Recently, a modified MLST scheme was developed for *M. plutonius*, which provided the first insight into the distribution of sequence types (STs) in a limited set of isolates, and disease transmission for some defined case studies ([@bib28]). However, the distribution of STs at the landscape level remains unknown, and it is unclear whether molecular data reflects underlying phenotypic variation of relevance to disease progression. Here we address this by applying MLST to 206 isolates of *M. plutonius* sampled from disease cases across England and Wales over the course of 2 years.

Materials and methods
=====================

Field sampling and pathogen characterisation
--------------------------------------------

Cases of EFB were identified as part of the government-funded control programme operated by the National Bee Unit and conducted to Good Laboratory Practise. Trained appointed bee inspectors identified colony level symptoms (such as a patchy and erratic brood pattern, sometimes accompanied by an unpleasant odour) and larval symptoms (such as displacement in the cell with a melted appearance). A single symptomatic larva was tested for each honey bee colony with foulbrood symptoms using an EFB Diagnostic Kit following manufacturer\'s instructions (Vita Europe, Basingstoke, UK). Each kit contained a highly specific monoclonal antibody for *M. plutonius* incorporated into a Lateral Flow Device ([@bib51]). Honey bee colonies with both visual symptoms and a positive result from the Lateral Flow Device were deemed to be positive EFB cases.

Historically, EFB cases are more frequently found in Norfolk, Suffolk and the South of England, when compared with Wales and the North of England ([@bib12]). To investigate these spatial patterns, England and Wales were divided into geographical regions with low (Wales: 0.02% prevalence in 2010) and high (Norfolk and Suffolk: 2.7% in 2010) disease intensity. In these geographical regions, sampling was attempted from the majority of disease cases identified from April 2011 to September 2012, whereas in the remainder of England (1.4% prevalence in 2010) cases were sampled less frequently. For each sampled EFB case, *M. plutonius* was recovered from a single, diseased larva by streaking a 1-μl loop of larval homogenate directly onto Petri dishes containing M110 agar ([@bib23]). Each larva was homogenised using a sterile pellet pestle. Plates were stored for 7--14 days under anaerobic conditions at 35±2 °C and suspect bacterial colonies subcultured before being stored at −80 °C using Protect Select Anaerobe bacterial preservation beads (Technical Service Consultants, Heywood, UK). DNA was extracted from *M. plutonius* colonies using the Promega Wizard Magnetic DNA Purification System for Food following manufacturer\'s instructions (Promega, Madison, WI, USA) and stored at −20 °C before use. When culturing failed from a diseased larva, DNA was extracted directly from the larva using the method described above.

DNA preparations were subjected to a species-specific real-time PCR test to confirm the presence of *M. plutonius* as described previously ([@bib12]). A published four-gene MLST scheme was then used to generate sequence information for *galK* (galactokinase), *argE* (acetylornithine deacetylase), *gbpB* (secreted antigen) and *purR* (purine operon repressor) for all *M. plutonius* positive extracts ([@bib28]). Briefly, 2 μl of DNA sample was added to 12.5 μl of Fermentas 2 × PCR Master Mix (Fermentas, Waltham, MA, USA) with 10 pmol of each primer and made up to a final volume of 25 μl. Each reaction was run on an Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, Grand Island, NY, USA) at 94 °C for 2 min followed by 35 cycles of 94 °C for 30 s, 50 °C for 30 s and 72 °C for 1 min with a final elongation step at 72 °C for 1 min. PCR products were visualised on a 2% agarose gel using Fermentas 6 × DNA Loading Dye, and Bioline HyperLadder 100 bp (Bioline, London, UK). Products of the correct size (579 nt *argE*; 565 nt *galK*; 386--632 nt *gbpB*; 507 nt *purR*) were purified using the QIAquick PCR purification kit (QIAGEN, Valencia, CA, USA) and sequenced using the Eurofins MWG Operon (Eurofins, Ebersberg, Germany) Sanger sequencing service ([@bib28]). Alleles and designations were called using the MLST module in Bionumerics version 7.0 (Applied Maths, Sint-Martens-Latem, Belgium).

Population diversity
--------------------

Potential patterns of evolutionary descent between STs were calculated using the goeBURST algorithm in the PHYLOViZ program ([@bib25]), a modification of the earlier eBURST algorithm ([@bib21]). The rules of this algorithm, which was designed specifically for exploring MLST data, are fully described by [@bib21]. Briefly, the data set in first subdivided into groups ('clonal complexes\' (CCs)) based on a user-defined threshold level of identity (number of allelic mismatches). In the current study, we used the most conservative approach and defined a CC using goeBURST on the basis that each ST within a CC must share at least three out of four identical alleles with at least one other ST in the group (single locus variants, SLVs). Singletons, defined as those STs differing by at least two alleles from all other STs, were then assigned to CCs on the basis of differing by no more than two alleles with another ST (double locus variants). A 'founder\' is then identified for each CC as the ST which defines the highest number of near neighbours (SLVs), and the founder is then linked to these near neighbours. Remaining STs in the group are then linked as an iterative process to the ST defining the next highest number of SLVs.

A phylogeny was constructed from an alignment of 1914 nucleotide positions representing the concatenated sequences of each ST. The sequences were aligned using ClustalW, as implemented in MEGA 5.2 ([@bib49]). The phylogenetic analysis was then carried out using the Neighbour-Joining method and the Maximum Composite Likelihood model as implemented in MEGA 5.2. Gaps in the alignment was treated by pairwise deletion, and the confidence of the nodes was gauged using the interior-branch test (500 replications).

*Chao1* is a non-parametric estimate of diversity that is particularly suited to microbial studies and allows a comparison of total ST diversity between geographical regions ([@bib30]). *Chao1* estimates of total ST diversity (with corresponding 95% confidence intervals) were calculated for each geographical region using bias-corrected formulae as implemented using the default settings in EstimateS ([@bib13]; [@bib15]).

Population structure
--------------------

The average geographical distance between all pairs of apiaries sharing a ST was calculated as the interpoint distance ([@bib16]). To determine significance, a random sample of the same number of apiaries was taken from the entire data set (that is, those who do not share the same ST), and the interpoint distance was recalculated. This was repeated 500 times and the significance determined by the rank of the test statistic among the random permutations. If ⩾95% of the randomly permuted clusters have an interpoint distance greater than that observed for a given ST, it can be said that apiaries exhibiting that ST are significantly closer together than would be expected from a random sample.

The presence of significant spatial clusters for the most common STs were detected by calculating the K-function , which is an expectation of the number of events within distance *h* of an arbitrary event ([@bib41], [@bib42]). To help interpretation of , we subtracted the expectation of the number of events within distance *h* under the assumption of complete spatial randomness to give , which when plotted against *h* has peaks in positive values where clustering occurs ([@bib11]). Values of zero suggest spatial randomness. Formal assessment of the significance of the observed peaks requires knowledge of the distribution of under complete spatial randomness, which is unknown for our data. Instead, upper and lower simulation envelopes were calculated from *m* independent simulations of *n* events under the assumption of complete spatial randomness. Observed values of above these simulation envelopes indicate significant clustering ([@bib9]).

Field pathology and honey bee colony fate
-----------------------------------------

EFB is under statutory control in England and Wales and the decision to treat or destroy is primarily based on the level of disease within the colony ([@bib56]). If the honey bee colony is heavily diseased (more than 50% of brood frames diseased), then the colony is destroyed; honey bee colonies with less disease can be treated using antibiotics or a husbandry method ([@bib12]). The difference in proportion of honey bee colonies destroyed (as opposed to being treated) was compared between CCs of *M. plutonius* using a generalised linear model assuming a Bernoulli distribution with a Logit link function (Genstat version 15.1; VSN International Ltd, Hemel Hempstead, UK). Finally, a single brood frame from each sampled EFB case was assessed visually, and the proportion of larvae that appeared to be diseased noted. Differences in the proportion of diseased larvae between CCs of *M. plutonius* were analysed using Kruskal--Wallis and Mann--Whitney *U*-tests as appropriate (Genstat version 15.1).

Results
=======

EFB prevalence differed between geographical regions, with six times more disease discovered in Norfolk and Suffolk compared with the region with the lowest prevalence, Wales ([Table 1](#tbl1){ref-type="table"}). The number of MLST profiles generated was higher in focal areas with historically high (Norfolk/Suffolk) and low (Wales) disease prevalence compared with the rest of England ([Table 1](#tbl1){ref-type="table"}). MLST profiles were obtained for 206 EFB cases across England and Wales from April 2011 to September 2012 ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Allelic profiles demonstrated that EFB in England and Wales between 2011 and 2012 was caused by at least 15 different STs of *M. plutonius* ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Four new STs were discovered in the current study (STs 21, 22, 23, 24; [Supplementary Table 2](#sup1){ref-type="supplementary-material"}), compared with those reported previously ([@bib28]). Some STs were found more frequently (ST2=12; ST3=60; ST5=56; ST13=19; ST23=29) than other rarer STs (ST1=1; ST6=1; ST7=5; ST8=2; ST11=6; ST12=1; ST20=2; ST21=6; ST22=4; ST24=2). After an initial increase, the mean *Chao1* estimate for all geographical regions becames relatively level as sample size increased ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), therefore we compared the ST diversity estimates at the highest sample size for each geographical region ([@bib30]). *Chao1* estimates, and corresponding 95% confidence intervals, indicated that ST diversity was significantly lower in Wales (4.00; 95% CIs=4.00, 4.85) than Norfolk/Suffolk (8.48; 95% CIs=7.15, 21.92) or the rest of England (11.48; 95% CIs=10.15, 24.92).

goeBURST supported the presence of three CCs in England and Wales ([Figure 1](#fig1){ref-type="fig"}). CC3 and CC13 comprised SLVs and double locus variants from respective founder STs, whereas members of CC12 were characterised by the presence of *argE* allele 4, which was not noted in any STs belonging to other CCs ([Figure 1](#fig1){ref-type="fig"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

The phylogenetic tree reconstructed from the concatenated allele sequences of all known *M. plutonius* STs provided groupings that were highly consistent with the goeBURST analysis ([Figure 2](#fig2){ref-type="fig"}). The only apparent discrepancy is the positioning of ST17, which is an SLV of ST13 but appears closer to CC3 than to CC13. This is due to the fact that ST17 harbours *galK* allele 3, which is commonly found in CC3, rather than *galK* allele 1, which is the common allele in CC13 ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). These two alleles differ at three nucleotide positions, hence the presence of *galK* allele 3 in ST17 is not most parsimoniously explained through identity by descent but by recombination. In other words, this recombination event confounds the phylogenetic signal resulting in the close proximity of ST17 to CC3 rather than CC13.

CC3 contains the highest number of STs, and is also most equally distributed between all three geographical regions. In contrast, CC13 was predominantly represented by ST13, which was exclusively found in Norfolk/Suffolk. Similarly, CC12 was predominantly represented by ST21, which was found exclusively in Wales. There is also evidence for crude geographical structuring within CC3. STs 5 and 11 are closely related, and are predominantly found in Norfolk/Suffolk, whereas ST3 and ST23 are common STs in Wales and the rest of England but were absent from Norfolk/Suffolk ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).

There was insufficient spread in the data to formally test for temporal trends in ST occurrence. However, a summary showing frequency of detection over time indicates no obvious pattern, with common STs being found throughout the beekeeping season ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Only those STs found in 10 or more apiaries (that is, ST2, 3, 5, 13, 23) were subjected to further analysis to formally test for spatial clustering. Interpoint distance tests indicated cases were significantly closer together than expected by chance for all STs (ST2: *P*=0.018, ST3: *P*=0.038, ST5: *P*\<0.01, ST13: *P*\<0.01 and ST23: *P*\<0.01; [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). The average distance between pairs of cases caused by some common STs was over 100 km, suggesting wide-spread dispersal (ST2=135 km; ST3=175 km; ST23=111 km), whereas other STs appeared to have more local distributions (ST5=57 km; ST13=5.5 km; [Figure 3](#fig3){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

*K*-function analysis provided evidence that STs varied in the scale of cluster formation. ST3 and ST13 clustered significantly at much smaller distances (17.5 and 15 km, respectively) than three other common STs ([Figure 4](#fig4){ref-type="fig"}). These results suggest that ST3 is widespread across England and Wales, but also forms local clusters, whereas ST13 forms local clusters but is also mostly found in one small region ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}).

The Bernoulli GLM suggested significant differences in the proportion of honey bee colonies destroyed between *M. plutonius* CCs (deviation=6.6; df=2; *P*=0.037). Paired comparisons suggested that honey bee colonies infected with CC3 (0.43; 95% CIs=0.35, 0.50) were more likely to be destroyed, because they contained more diseased brood frames, than those infected with CC13 (0.17; 95% CIs=0.06, 0.37; *P*=0.021). However, no significant differences were observed in honey bee colony destruction between CC3 and CC12 (0.43; 95% CIs=0.14, 0.77; *P*=0.62) or between CC12 and CC13 (*P*=0.46).

The Kruskall--Wallis test suggested significant differences in the proportion of diseased brood between CCs of *M. plutonius* (*H*=6.83; df=2; *P*=0.033), with CC3 providing the highest disease ranking (105.7) followed by CC12 (93.3) and CC13 (73.38). Paired comparisons using Mann--Whitney *U*-tests suggested a significantly higher proportion of larvae were diseased on brood frames from honey bee colonies infected with CC3 compared with CC13 (*P*=0.010), but no significant differences were observed between CC3 and CC12 (*P*=0.62) or between CC12 and CC13 (*P*=0.46).

Discussion
==========

EFB is a damaging brood disease of a key insect pollinator, which has been under statutory control in the United Kingdome for over 70 years. Despite this, our understanding of population structure and diversity of the causal pathogen has been virtually nonexistent. Here we describe the first large-scale study of *M. plutonius* diversity on a national scale. We note the presence of 15 distinct STs across England and Wales, which resolve into three CCs based on goeBURST or phylogenetic analysis (CC3, CC12 and CC13), with the exception of the position of ST17 and some internal rearrangement of the relationship of ST4 within CC13. STs from CC3 account for 85% (*n*=171) of the isolates, with CC12 and CC13 being rare and largely restricted to Wales and Norfolk/Suffolk, respectively ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Interestingly, when all previously characterised STs were considered, including isolates from 14 other countries ([@bib28]), all nine STs from CC3 were observed in this study. In contrast, the majority of known STs of CC12 (3/5) and CC13 (6/10) were not detected ([Figure 1](#fig1){ref-type="fig"}). These patterns suggest that CC3 is an established, endemic complex in England and Wales, whereas CC13 and CC12 may have been introduced more recently and remain geographically restricted. There have been ample opportunities for introductions of new variants of EFB into the United Kingdom through intercontinental trading in honey bees and their hive products ([@bib36]). For example, the United Kingdom imports 85% of its honey ([@bib52]), and honey is known to harbour live *M. plutonius* ([@bib39]). Assessing the risk posed by the UK honey importation industry by the introduction of new variants of *M. plutonius* is an interesting question that would require targeted sampling efforts around areas designated as high risk, such as honey packing plants.

Interpoint distance tests and *K*-function analyses provided strong evidence of highly local clustering of some but not all common STs ([Figure 4](#fig4){ref-type="fig"}). The honey bee behaviours of drifting (where adult bees move between honey bee colonies) and robbing (where adult bees steal honey from weaker honey bee colonies) might be important for local transmission of EFB ([@bib22]). Beekeeping practices may also contribute to the sometimes rapid local spread of EFB ([@bib22]). A positive correlation has been described between the proportion of workers infected in symptomless honey bee colonies and the distance to hives with EFB symptoms ([@bib10]). Indeed, human movements of bees and their diseases alone may account for the regional or national movements observed for ST2, ST3 and ST23, which had average interpoint distances over 100 km, far beyond double the maximum recorded flying distance of a honey bee (13.5 km; [@bib20]). Disease movements of a similar scale (between 54 and 84 km) have been characterised recently after honey bees carrying *M. plutonius* were sold between beekeepers in England ([@bib28]). Differences in long-range dispersal of STs could reflect different infection behaviours or simply the fact that transmission through commercial activity is a rare event. MLST schemes coupled to clustering tests have successfully been used to confirm transmission routes in other livestock diseases (for example, [@bib40]). Our results indicate that the epidemiology of EFB is influenced by transmission events that arise at different spatial scales because of combination of host and human behaviours.

Our data provide the first evidence that *M. plutonius* from different CCs may differ in their virulence at both brood frame and honey bee colony levels, and that severe cases of disease, which ultimately results in colony destruction, might be correlated with particular CCs. MLST schemes have previously provided the additional resolution necessary to observe differences in virulence among genetically distinct STs from within a single species (for example, [@bib35]). *M. plutonius* virulence is known to reduce rapidly after culture ([@bib7]), and the rapidity of attenuation has been shown to differ between *M. plutonius* cultures ([@bib3]). Our data represent the first to compare direct observations of virulence from the field, which given the problems of attenuation in culture, are likely the most realistic measure of pathogen behaviour. Intensive regional sampling of the pathogen population revealed that a geographical region with high disease prevalence (Norfolk/Suffolk; 4%) contained different STs and higher pathogen diversity than a region with low disease prevalence (Wales; 0.7% [Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). EFB prevalence has been previously shown to vary regionally ([@bib12]) leading to the suggestion that disease development is likely a product of local climate and host susceptibility ([@bib22]). Our data on virulence and regional variation suggest that pathogen variation could make a significant contribution towards explaining regional, national and international variation in disease impact. Some reports suggest the native UK honey bee race (*A. m. mellifera*) is more susceptible to EFB than commonly imported genotypes such as *A. m. ligustica* ([@bib54]). Although importation is not regionally focussed, highlighted by frequent *A. m. ligustica* introgression at different locations ([@bib32]), host susceptibility provided by more subtle genetic signals could be an important driver of local EFB epidemiology. The majority of observations of CC13 were from Norfolk and Suffolk, so it is important to consider that the observed differences in pathogenicity between CCs could be in part due to regional biotic and abiotic factors mediating disease expression. One such abiotic factor could be rainfall, which tends to be higher in Wales than Norfolk and Suffolk because of greater altitude and exposure to the influence of the Atlantic Ocean. Therefore, although our data indicate that pathogen genetics are a likely driver of local EFB epidemiology, local abiotic factors such as climate, and biotic factors such as host susceptibility were not accounted for here and cannot be ruled out.

Our study offers a greater sampling intensity than any previous study of EFB, resulting in the discovery of four new STs (STs 21, 22, 23 and 24), with one new allele at the *galK* locus and three at *gbpB*. In addition, two STs (ST12 and ST13) were found in England and Wales for the first time, having previously been isolated from the United States of America, and Denmark and Poland, respectively ([@bib28]). An ST notable for its absence in England and Wales during 2011 and 2012 is ST9, which was involved in a movement of disease between beekeepers in Norfolk in 2010 ([@bib28]). ST9 differed from ST13 (a type circulating locally in Norfolk) by a length variation in the variable number tandem repeat at *gbpB*. Variable number tandem repeats have been found to show rapid variation in even the most genetically homogenous bacteria ([@bib31]), and so ST9 may represent a recently evolved type of *M. plutonius*. During the 2 years following the outbreak, we found no further ST9, either in Norfolk/Suffolk or in the rest of England and Wales. As the honey bee colonies of both beekeepers remained free of EFB, our data suggest that ST9 may have recently evolved and was since eradicated.

Our data provide important context to the species level diversity of *M. plutonius*. CC12 corresponds to a type previously identified as 'atypical\' *M. plutonius* ([@bib3]), as it contains the Japanese atypical isolate DAT561 (ST10). Atypical *M. plutonius* has been shown to have less stringent culturing requirements than the type strain and other 'typical\' *M. plutonius* isolates ([@bib3]), and has been identified previously in Japan ([@bib3]), the United States of America, the United Kingdom, the Netherlands and Brazil ([@bib28]). Our results confirm first that the atypical type is more widespread than previously thought, as two STs (ST12 and ST21 both placed within CC12) were found for the first time in England and Wales, and second that atypical *M. plutonius* remains differentiated from the other, typical *M. plutonius* despite the increased coverage of species diversity. CC3 and CC13 belong to the typical *M. plutonius* subtype, with the type strain (ST1) being found within CC13. The interesting exception is ST17, which is a member of CC13 by goeBURST but is phylogenetically close to CC3 because of the presence of a *galK* allele otherwise found solely in CC3. We confirmed this result twice to avoid sequencing error. If, as seems likely, this is due to recombination between an ST from CC3 and an ST from CC13, this would be the first example of such an event in *M. plutonius*. If the recombination event did occur in the environment it would mean that, as *M. plutonius* can only grow in the honey bee larval midgut ([@bib22]), at some point a single bee larva must have been simultaneously infected with two STs. Such an event would result in poor quality sequence when obtaining MLST data directly from a larva. [@bib28] reported unambiguous MLST data obtained directly from three larvae, and we report a further seven such results ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Although this does not rule out co-infection of multiple STs within a larva, it appears unlikely that coinfection with multiple STs is a common occurrence in England and Wales. The only representative of ST17 came from a culture collection, after originally being isolated in Tanzania (NCFB 2441). As this isolate has spent some years in culture, it is impossible to say if the recombination event occurred naturally in the environment or subsequently in the laboratory post-collection. The evidence that recombination occurs at all in *M. plutonius* is a novel and important finding. However, further work is required to resolve the uncertainty surrounding the mechanism of introduction of multiple STs into a single larva and the frequency of events in countries outside the United Kingdom, where higher disease prevalence could increase likelihood of such multiple infections.

We have expanded the known diversity of *M. plutonius* and provided evidence of multiple CCs operating at different spatial scales across England and Wales. The ability of our data to distinguish between genetically related pathogens within a bacterial species and to formally test for spatial clustering are fundamental to understanding disease epidemiology. The fact that significant structure exists in the pathogen population of a highly mobile pollinator that has been repeatedly exposed to anthropological movements is remarkable. However, significant data gaps remain to understand finer scale, individual and honey bee colony level transmission events. Future developments in whole-genome sequencing could contribute to improved resolution of transmission events and would allow an assessment of the rapidity of evolution in *M. plutonius*. Our data provide evidence that CCs may differ in their pathogenicity, a noteworthy observation given low levels of genome-wide variation in this peculiar bacterium ([@bib28]). However, an improved understanding of traits such as latency and infectivity are key to improving the current control regime and to appreciate how current management strategies might influence the distribution and diversity of *M. plutonius*. The global industry in honey bees and their hive products requires a global context. To this end, we have developed a public MLST database (<http://pubmlst.org/>) to store and manage international efforts to type *M. plutonius* and provide insight into the global epidemiology of this important pathogen ([@bib33]). We offer a national perspective and urge other countries to provide similar data to obtain an international picture of disease movements. Finally, honey bee pathology contains many examples where pathogens, including viruses (for example, see [@bib14]) fungi (for example, see [@bib29]) and bacteria (for example, see [@bib22]), apparently cause radically different impacts in different territories. Detailed knowledge of pathogen diversity and the biogeography of genetically related sub-types, as demonstrated in the current study, could offer insight to help explain these divergent trans-national observations of pathogen impact.
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![goeBURST diagram using MLST data from the current study (orange) added to those reported previously ([@bib28]) to show three clonal complexes (CC3, CC12 and CC13) occurring in England and Wales. Each circle represents a different ST, with lines linking closest relatives. Black lines indicate a single allelic change between STs and grey lines indicate differences at two loci. Larger circles indicate more frequent occurrence and those ringed with a yellow outline indicate putative founder genotypes. Colours within circles show the proportion of isolates of a particular type that were found in the countries indicated in the key. Note that all nine CC3 variants, including four newly characterised STs (21, 22, 23, 24), have been discovered in England and Wales.](ismej201420f1){#fig1}

![Unrooted Neighbour-Joining phylogeny constructed from a 1914-bp concatenated alignment from all four MLST alleles. Bootstrap scores (computed using the internal-branch test) are given on the internal branches. Horizontal red lines demarcate the three clonal complexes (CCs3, CC12 and CC13) as defined by goeBURST ([Figure 1](#fig1){ref-type="fig"}). Individual EFB cases characterised in the current study are represented by coloured bars aligned to the corresponding ST; green=Norfolk/Suffolk (Nor/Suf), blue=Wales, red=England (other). STs with no coloured bars represent those reported in the previous study of [@bib28] but not in the current study.](ismej201420f2){#fig2}

![Geographic distribution of EFB outbreaks between 2011 and 2012 across (**a**) England and Wales and (**b**) Norfolk and Suffolk. Coloured markers indicate the sequence type as derived using a four-gene MLST. Open circles indicate untyped EFB cases. Clonal complexes are depicted using circles (CC3), diamonds (CC12) or squares (CC13). Red borders indicate areas of intensive sampling.](ismej201420f3){#fig3}

![Estimated number of disease cases within distance *h* () for five common STs. The distance (*h*) at which the maximum amount of clustering is observed for each ST is indicated at the peak value of for each ST. Broken lines indicate the simulation envelopes above which significant clustering occurs.](ismej201420f4){#fig4}

###### EFB prevalence and sampling effort for focal regions of Norfolk and Suffolk, Wales, the remainder of England (England other)

                  *Disease prevalence*   *Sampling effort*                
  --------------- ---------------------- ------------------- ------- ---- ------
  Nor/Suf         5255                   208                 0.040   81   0.39
  Wales           11 128                 76                  0.007   40   0.53
  England other   56 444                 1359                0.024   85   0.06

Abbreviations: EFB, European foulbrood; MLST, multi-locus sequence typing; Nor/Suf, Norfolk and Suffolk.
